ABSTRACT. A magnetic imaging system has been developed for non-destructive evaluation of structural and mechanical conditions of materials using magnetic hysteresis and Barkhausen effect (BE) measurements. The system can be used to measure magnetic properties while scanning the surface of a material, and to convert the data into an image showing variations in the material conditions from one location to another. An integrated sensor probe capable of measuring both magnetic hysteresis and BE signals was developed using magnetoresistive devices. The imaging system has been found useful in detecting surface and sub-surface notches as well as thickness variations in steel plates.
INTRODUCTION
We have developed a magnetic imaging system for non-destructive evaluation of structural and mechanical conditions of materials through magnetic hysteresis and Barkhausen effect measurements. The mechanical properties of materials deteriorate when their structure changes as a result of cyclic or excessive stresses, loading at elevated temperatures or impact damage. The degradation processes such as fatigue and creep involve cumulative, localized changes in both structure and stress state of materials which are often difficult to detect until the materials near the end of their lifetime. Failure of materials may occur without any significant change in macroscopic appearance in the material. Prior knowledge of the state of damage on a microscopic scale and its accumulation rate is therefore essential to determine the approach to failure.
Magnetic measurement techniques such as hysteresis loop and Barkhausen effect have been established through prior research as viable techniques for evaluating performance-related properties of materials [1] . Traditional empirical approaches, using magnetic measurements on bulk materials, involve detecting magnetic signals that represent averaged responses of the volume of the materials interrogated by an applied field [2] . Although this approach has proved promising in detecting degradation of the material condition as a whole, it may not be sufficient to reveal accumulation of material damages such as those induced by fatigue or creep, which are in general highly localized.
To fully exploit the potential of magnetic measurement methods for material evaluation we have developed a magnetic NDE imaging system that can be used to inspect variations in material conditions. The approach is based on the fact that magnetic and mechanical properties of materials are closely related via the magnetoelastic coupling [3] .
By imaging the magnetic properties of a sample, an image of the sample's mechanical properties can be obtained because of the magnetoelastic coupling. This can be used to identify localized material damages that are prone to failure. Similar approach has been adopted by Altpeter et al in the development of a Barkhausen microscope for evaluating material conditions through imaging Barkhausen effect signals [4] .
The magnetic imaging system developed in this work is capable of scanning the surface of a material while measuring magnetic properties using a surface sensor. In order to obtain both high sensitivity and spatial resolution a new sensor probe was constructed using giant magneto-resistive (GMR) devices for detecting magnetic signals. Magnetoresistive sensors have been used in other studies for investigating grain structure and anisotropy in steel sheets through imaging magnetic domains [5, 6] . In this study GMR devices were used since they offered high field sensitivity, wide bandwidth, small size and low power consumption. A software package was developed for controlling the scanning process, acquiring and analyzing detected magnetic signals, and converting the measured magnetic properties into images that show the variations in material conditions from one location to another. The magnetic imaging system has been found capable of detecting surface notches as small as 0.25 mm wide and sub-surface notches which are 6 mm below the material surface, showing that the system provides a useful NDE tool for imaging conditions of materials, and for detecting defects that threaten integrity of engineering components.
MAGNETIC IMAGING SYSTEM
The magnetic imaging system developed in this work is shown in Fig. 1 . It consists of a portable stepper-motor driven x-y scanning frame (Model: XT-3600 Plus, Xactec Corp.) and a signal processing module which are controlled using a personal computer. During the scanning process the sample under test remained stationary while a sensor probe was raster scanned over the sample surface. The minimum step size is 0.025 mm and the largest scan size is 250 mm by 250 mm. A specially designed manipulator was used to ensure repeatable coupling between the sensor probe and the sample.
An integrated magnetic probe was constructed that can be used to measure both magnetic hysteresis and Barkhausen signals. The schematic diagram of the sensor probe is shown in Fig. 2 . The sensor consists of an electromagnet for applying a magnetizing field to a test specimen. Magnetic induction signals were detected using an inductive coil, while the tangential magnetic field at the sample surface was measured using a InSb Hall effect element (Model: HW-302B, Asahi Kasei Electronics, Japan) which offered a higher field sensitivity (7 mV/Oe/V) than GaAs Hall elements (30 jiV/GeTY). The outputs of both the flux coil and the Hall effect element were amplified by factors of x 12 and x 20 respectively using wide-band differential amplifiers to improve the signal-to-noise ratio. A giant magnetoresistive (GMR) device (Model: AB005-01, Non Volatile Electronics, Inc.) was incorporated into the sensor probe for detecting Barkhausen effect signals emanating from the sample surface. The GMR sensor output was first amplified (voltage gain = 20 dB) and then filtered using a high-pass filter (cut-off frequency = 10 kHz) to remove the low-frequency component. The filtered signal was further amplified by 40 dB and was then low-pass filtered (cut-off frequency = 100 kHz) to reduce the electronic noise. With the use of the bandpass filter BE signals down to 1.5xlO" 4 G can be detected. It was noticed that the output of the GMR device exhibited non-linear and hysteretic responses to applied field in the low field regime (below about 10 Oe). A possible way to alleviate this problem is to bias the device so that the device operated in the linear regime. The processed magnetic field, induction and Barkhausen effect signals were acquired into a personal computer using a 4-channel, 12-bit analog-to-digital (D/A) converter capable of sampling data up to 10 MHz.
The functionalities of the magnetic scanning system derive largely from the computer software package developed in this work. Several routines were incorporated into the software for measuring hysteresis loop and BE signals while scanning a sample. They provide the users complete control of the scanning processing (e.g. scan size and step size), measurement conditions (e.g. waveform, amplitude and frequency of magnetizing field signal), signal processing (e.g. filter settings) and data acquisition and analysis (e.g. sampling rate).
The hysteresis measurement routine performs real-time analysis of the measured hysteresis loop to extract magnetic properties such as coercivity, remanence, maximum permeability and hysteresis loss, which can be plotted as a function of the probe position to form two dimensional images (Fig. 3 (a) ). It also carries out harmonic analysis on the hysteresis data to determine the harmonic components, which have been shown in previous research to be sensitive to stress and microstructure of steel [7] , The Barkhausen effect routine allows users to specify the measurement conditions such as the excitation field signal, filter settings (passband and voltage gain), sampling rate and number of magnetization cycles of data acquisition. It also determines the root-mean-square (rms) values of the acquired BE signals for constructing images of the sample surface ( Fig.  3 (b) ), and performs fast Fourier transform (FFT) on the data.
EXPERIMENTAL STUDIES USING THE MAGNETIC SCANNING SYSTEM
The performance of the magnetic imaging system for NDE applications has been evaluated in a series of experimental studies. These included detection of surface notches, reverse-side notches and thickness variations.
Detection of Surface Notches
One application of the magnetic imaging system is to detect surface discontinuities such as fatigue cracks that threaten the integrity of engineering structures. The technique relies on the fact that any surface discontinuity in magnetic materials subjected to an applied field disrupts the local field distribution, and therefore they are manifested as anomalies in the images of the detected magnetic hysteresis and Barkhausen effect signals.
To evaluate the feasibility of detecting surface cracks using the magnetic scanning system, magnetic hysteresis and Barkhausen scans were obtained from a notched plain carbon steel plate. Surface notches with depths of 1 mm and 2 mm and various widths ranging from 0.25 mm to 1 mm were cut using an electric discharge machine (EDM). During the experiments the sensor probe was scanned over an area of 178 mm x 76.2 mm of the sample in steps of 1.25mm. The probe remained stationary when measuring hysteresis loop and Barkhausen effect signals, which took about 12 and 1 second respectively. The sample was demagnetized at each scanning step prior to conducting hysteresis loop measurements.
The results of the Barkhausen scans are shown in Figures 4 and 5 . All the surface notches are visible as stripes in the two dimensional image of the rms value of BE signals (Fig. 4) . The contrast (colour depth) is in general stronger for wider and deeper notches. This is evident in a higher resolution Barkhausen scan of the 1 mm wide notches (Fig. 5) , in which the deeper notch (on the left) shows a stronger contrast. As shown in Fig. 6 , all the notches are well delineated in the images of hysteresis loop properties such as coercivity and remanence. In general the notch images obtained in the hysteresis loop scan are sharper than those observed in the Barkhausen scan images. Similar to the Barkhausen scan results, deeper notches show strong contrast than shallower ones. This is shown in the line scan of the remanence image (at the bottom of Fig. 6(b) ), in which the 2 mm deep notches consistently give rise to higher remanence values than the 1 mm deep notches with the same width.
Detection of Reverse-Side Notches
It is of practical interest to monitor material thickness or to detect cracks on inner walls of engineering components such as steel containers while only the outer surface is accessible. Magnetic measurements are promising techniques to address these NDE problems, since any thickness variation or presence of cracks in an otherwise homogeneous structure disrupts the magnetic field distribution and this can be detected by imaging the magnetic properties of the materials. It was expected that magnetic hysteresis measurements are more suitable than Barkhausen effect measurements for detecting bulk conditions of material, since for hysteresis measurements the detected magnetic induction and field signals represent the averaged responses of the volume of the sample which is interrogated by the applied field, while for Barkhausen measurement the detected signal comes primarily from the surface layer of the sample as those generated deep inside the sample are greatly attenuated due to eddy current shielding.
The sample used in this study was an AISI 1020 plain carbon steel plate, which was machined using EDM to produce sections with different thicknesses. Semi-circular grooves with various radii (from 2.5 mm to 6 mm) and 2.5 mm wide rectangular notches with different depths (from 2.5 mm to 6 mm) were cut into the bottom side of the steel plate using EDM. Images of hysteresis loops were obtained by scanning the sensor probe over the top surface of the steel plate.
Most of the notches and grooves in the steel plate can be detected in the scanned images of hysteresis loop properties including maximum permeability, coercivity and remanence. As shown in Fig. 7 , the notches and grooves in the thinnest section show the strongest contrast in the permeability image. They were also observed in the scanned images of coercivity and remanence as shown in Fig. 8 . In contrast to the permeability image, both coercivity and remanence were found to exhibit lower values around the defects. Contrast was observed between the regions with different thicknesses (5 mm and 7.5 mm) in the scanned permeability, coercivity and remanence images (Figs. 7 and 8) , suggesting that the technique can also be used to detect thickness variations in steel plates. 
